ABSTRACT With the ever-growing complexity of a modern power system, decentralized control is becoming a more advantageous framework for maintaining its stable operation. Recently, some research work has been done on decentralized control for mitigating inter-area oscillations based on dynamic state estimation. This paper illustrates that in the decentralized control scheme, the use of dynamic state estimation can compromise controller performance and decrease the damping of inter-area oscillations. To address this problem, this paper proposes a cooperative-based supplementary excitation control strategy for damping inter-area oscillations using dynamic state information. By eigenvalue analysis, this paper reveals the relationship between the estimator's parameter and inter-area modes. Furthermore, communication is utilized in the proposed controller to neutralize the adverse impact of using dynamic state estimation on damping performance. The connection between the communication structure and inter-area modes is also analytically given. Finally, the well-known New England test system with 10 generators and 39 buses is employed to demonstrate the analytical results.
I. INTRODUCTION
Poorly damped inter-area oscillations can cause small-signal instability in a power system. Therefore, suppressing interarea oscillations is of significant importance in power engineering. In a traditional vertically integrated power system, the control center is at the heart of operation as it obtains meter readings and other measured information from a supervisory control and data acquisition (SCADA) system, computes the control signals, and transmits them to each of actuation devices. However, deregulation has led to the creation of multiple regional transmission organizations (RTOs) in the USA to operate portions of a large inter-connected power system [1] , see Figure 1 . Furthermore, the rapidly increasing complexity of a modern power system results in a significant increase in the order of the system. Due to
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Many publications are available on this aspect. The well-known power system stabilizer (PSS) [2] , [3] and flexible alternating current transmission system (FACTS) devices [4] , [5] are tuned to improve small signal stability in the power system. However, only local information is used in these methods. Due to lack of global information [6] , these control strategies are less effective for inter-area oscillations. To overcome this obstacle, wide-area controllers (WACs) are designed for supplementary control of generator excitation [7] - [10] , high voltage direct current (HVDC) links [11] , [12] , and FACTS devices [13] . While WACs can provide satisfactory damping performance by using remote feedback signals as controller inputs, they require reliable communications of these remote signals. If a time delay occurs on the communication channel, these remote signals will usually be corrupted. This limits the applicability of the above control strategies.
To avoid the use of remote signals and maintain sufficient damping for inter-area oscillations, the dynamic state estimator (DSE) is utilized in the WAC design [14] . In this setup, the input signal for WAC is generated from the dynamic state estimator rather than being transmitted from the measuring point. With increased deployment of wide-area measurement systems, the dynamic states (i.e., generator's rotor angle, rotor speed, transient voltages, etc.) can now be estimated in real-time, which is a prerequisite for online security assessments [15] - [18] . For a large-scale power system, the resulting dynamic state estimator can be very slow. To cope with this problem, decentralized dynamic state estimation is developed in [19] - [23] . In this estimation architecture, each local estimator only needs to estimate the dynamic states of the corresponding generator unit. Therefore, the estimator is fast and its speed is not affected by the size of the system. Due to its merits, DSE has been adopted in the control of oscillatory dynamics in power systems. In [24] , decentralized DSE is integrated with the damping control of oscillatory dynamics. In [25] , DSE is applied to design a secondary voltage controller for autonomous microgrids. However, the convergence of DSE is questionable and divergence is observed even for some simple systems [26] . Hence, the integration of DSE into the control of oscillatory dynamics can deteriorate damping performance. To the best of our knowledge, there is no analytical investigation on how DSE affects the damping performance of a power system.
Given the above-mentioned background, this paper investigates the impact of DSE on the performance of damping inter-area oscillations and proposes a control strategy for improving damping performance. Firstly, the relationship between DSE and oscillatory dynamics in the power system is analytically identified via eigenvalue analysis. It shows that the integration of DSE can degrade the performance of the controller for damping inter-area oscillations. Secondly, communications among DSEs are adopted for improving the damping performance of the system. The eigenvalue analysis reveals that the proposed method has the ability to neutralize the negative effect of DSEs on the performance of controlling oscillatory dynamics. Thirdly, the dynamic graph is employed to study how the communication structure affects the system stability. The performance of the closed-loop system is related to the design parameters of the communication network, such as spectrums of the communication topology and the gains of communication links. Finally, numerical simulation is performed on the well-known New England 10-unit 39-bus system. Simulation results validate the analytical results.
The organization of this paper is as follows: in Section II, the mathematical model of the power system is described; in Section III, the impact of DSE on damping performance is analyzed, and the control strategy to improve damping performance proposed; In Section IV, simulation results are presented to evaluate the analytical results obtained from the proposed method. Conclusions are given in Section V.
II. MODELLING OF POWER SYSTEM
Consider the bulk power system consisting of N regions. Then the ith region dynamics are described by nonlinear differential algebraic equations of the form [7] [7] , [8] , linearizing the system (1) at a stationary operating point, solving the resulting linear algebraic equations for z i (t), and substituting z i (t) into the dynamic equation lead to:
The measuring output model in the ith region is given as
where y i (t) contains the output variables, such as the bus voltage magnitudes, phase angles, and nodal powers. n i (t) is the measurement noise. Equation (3) can be derived by linearizing the algebraic equation in (1).
III. ESTIMATION BASED COOPERATIVE CONTROL
In this section, the impact of the estimation-based control architecture on the damping performance of the system is investigated. First, basic notions used in the analysis are presented. Second, the connection between the damping performance and the estimation-based control architecture is established, and the estimation based cooperative control scheme is proposed to improve the damping performance.
A. NOTIONS OF GRAPHS
Here, some basic notions of the graph theory are given. Further information can be found in [27] . Let G = (V, E, A) be a weighted digraph (or directed graph) with the set of nodes V ={v 1 ,. . . ,v n }, the set of edges A graph is said to be a spanning tree if there is a node v i ∈ V such that for any other node j there is a path from v i to v j . Furthermore, a graph contains a spanning tree if and only if the multiplicity of the zero eigenvalue of the Laplacian is one.
Define the communication cost of the graph G as E. Apparently, the communication cost of the directed graph is smaller than that of its undirected counterparts [28] .
Let x i ∈ R n denote the value of node v i . Then (G, x) with x = (x 1 , . . . , x n ) T gives a network (or algebraic graph). If x i is described by the dynamics, then the corresponding graph G is called a dynamic network (or dynamic graph).
B. EIGENVALUE ANALYSIS OF THE CLOSED-LOOP SYSTEM
For a N -region power system with each region described by (2) and (3), the overall dynamics are given bẏ
where
Given a static state feedback controlleru = Kx, the ith estimator can be described bŷ
wherex i denotes an estimate of the dynamic state x and L is the design parameter for the observer. Note that a linear estimator implementation is used in (5). In general, a linear estimator is not appropriate since the power system is highly nonlinear. But the aim of this paper is to give analytic results on the stability of the system using an estimation-based decentralized control scheme. The discussion here can shed light on the nonlinear filter design. In fact, the well-known extended Kalman filter (EKF) is implemented by linearizing the system around the trusted trajectory of the system, and building a Kalman filter for this time-varying linear model [26] .
To use the information of dynamic state estimation in the design of the controller [24] , the local controller is designed by:
where the matrix Q i ∈ R m×mN represents an operator defined by u i (t)= Q i u(t). Furthermore, assume u i (t) ∈ R m and i = Q i Q T i . In this setup, the control action u i is based on the estimate of the dynamic state.
For simplicity, the notation A clp = A+BK, A est = A+LC, and A ctrl = A+BK+LC will be used in the sequel.
Theorem 1: For the system in (4) with the control input in (6) and the state estimator in (5), the eigenvalues of the closed-loop system can be represented by
Proof: The proof is given in Appendix A.
The expression (7) shows that when the dynamic state estimate is not used in the damping controller design, the performance of the closed-loop system is determined by the eigenvalues of A clp . By properly selecting the controller gain K , inter-area oscillations in the system can be effectively damped. When the estimation-based control scheme is used, the performance of the closed-loop system is affected by the eigenvalues of A clp , A est , and A ctrl . By placing the eigenvalues of A clp within a proper region of the left-hand complex plane, K is selected for satisfactory damping performance. To provide good estimation performance (i.e., fast convergence of the estimation process), the estimator parameter L is selected to reallocate the eigenvalues of A est . Due to the presence of A ctrl , the selection of K is coupled with L. The separate selection of K and L may render A ctrl to be unstable, which deteriorates the damping performance of the system.
To avoid the adverse interaction of the parameter selection in the estimation-based control scheme, a cooperative control strategy is presented in this paper. In this proposed approach, a communication network is introduced among estimators. Then the ith estimator (5) is rewritten aṡ (8) where F and H are parameters of the communication network. The matrix H can be interpreted as a multivariable communication gain and F is proportional to the receiver's sensitivity. The matrix H decides the local dynamic states that will be transmitted, while F decides the dynamic states that the local controller will receive.
The spectrums of the Laplacian of the communication network are defined as eig(L) = {γ 0 , γ 1 , . . . , γ N −1 } (9) VOLUME 7, 2019
where γ 0 = 0 and the rest of the spectrums are greater than 0. Theorem 2: For the system in (4) with the control input in (6) and the state estimator in (8) , all eigenvalues of the closedloop system are
Proof: The proof is given in Appendix B. The expression (10) reveals that the selection of the gain K is decoupled from that of the parameter L by using the proposed cooperative control design method. If a communication network contains a spanning tree, then (9) will be satisfied [25] . In this case, even when the parameters K and L make A ctrl to be unstable, the damping performance of the system can still be maintained by reallocating eigenvalues of A ctrl via the choice of the communication parameters (F and H ).
It can also be inferred that the closed-loop performance is affected by the spectrums of the Laplacian (γ i ), which are related with the network topology. The increase in the number of communication links increases the costs of the system. Therefore, it is important to design a communication network that requires fewer links. For a communication network with n nodes, it requires at least n−1 communication links to satisfy the requirement of a spanning tree [29] . This requirement can be used as the basis for designing the communication topology.
The proposed control scheme is shown in Figure 2 . 
IV. CASE STUDIES
The proposed method is evaluated on the New England Test System with 10 generators and 39 buses, as shown in Figure 3 . All loads are modeled as constant power loads. Generator 10 represents the aggregated model involving a neighboring area. Other generators are equipped with excitation systems and PSSs. The two-axis model is used for all the generators. The test system data can be found in the Power System Toolbox [30] . According to [8] , the first order exciter model is adopted with time constants T a = 0.015s, and regulator gains K a = 200 for all exciter models. The transfer function of PSS on the ith generator is (11) where i denotes the ith generator; ω i (s) is the Laplace transform of the angle speed; k i is the PSS gain; T w,i is the washout time constant; T n1,i and T n2,i are the first and second lead time constants, respectively; T d1,i and T d2,i are the first and second lag time constants, respectively; and s is the complex variable. The parameters of PSSs are given in Appendix C. Modal analysis reveals the presence of five inter-area modes, as shown in Table 1 . To provide additional damping for these modes, a supplementary controller needs to be designed for the generator excitation system. Generators 1-9 are assumed to be equipped with supplementary excitation controllers and state estimators, as shown in Fig. 2 . The gain K in (6) is designed by the sparsitypromoting optimal control strategy [7] . This approach can identify a fully decentralized controller structure, and hence only local estimates are needed. The parameter L is obtained by the linear quadratic technique [31] . To satisfy the requirement of the spanning tree, the Laplacian of the communication network is selected as
A. COMPARISON OF CONTROL PERFORMANCE
To illustrate the analytical results in Section III, two cases are considered: 1) the estimation-based decentralized control without communication; 2) the estimation-based decentralized control with communication (the proposed controller). Initially, the system is operating at a steady-state point. A three-phase fault at line 3-4 is applied at 0.5s and cleared at 0.6s. Fig. 4 shows the relative rotor angle responses in the case of the estimation-based decentralized control without communication. According to this figure, in the absence of communication, the estimation-based decentralized control scheme can decrease the damping of inter-area oscillations and destabilize the closed-loop system. Fig. 5 depicts the relative rotor angle responses when the communication is considered in the estimation-based decentralized control scheme. This figure shows that the closed-loop system is stable. This reveals that the damping performance is improved by using the proposed controller.
B. COMPARISON WITH CENTRALIZED WIDE-AREA CONTROL
Next, the performance of the closed-loop system with the proposed controller and the centralized wide-area controller is compared. The centralized wide-area controller is obtained by using the linear quadratic regulator design method [8] .
To illustrate the impact of noisy communication on the controller, input signals for the controller are assumed to be subject to white stochastic disturbances. This amounts to the study of power spectral density of the system [7] . As a benchmark, the power spectral density of the open-loop system is also presented. Simulation results are shown in Fig. 6 .
According to Fig. 6 , the power spectral density of the open-closed system (the green solid line) exhibits peaks. This means that the open-loop system leads to amplification of disturbances, which can degrade the controller performance and decrease the damping of inter-area oscillations. In contrast, both the centralized wide-area controller and the proposed controller can suppress the peaks and largely improve the performance. It is also observed that the proposed method can provide comparable performance to the centralized wide-area controller. 
C. ROBUSTNESS ANAYLSIS
To investigate robustness of the proposed control architecture with respect to changes of the operating point, the loads are modified by random perturbation. This random perturbation follows a uniform distribution within ±15% of the nominal loads. The centralized wide-area controller and the proposed controller, which are obtained from the nominal linearized model, are applied to the perturbed linearized model. The performance of the closed-loop system is examined by computing the H 2 norm [7] . 5000 random operating points around the nominal operating point are used to generate the distribution of the performance change, as shown in Fig. 7 . For the centralized wide-area controller case, random load perturbations lead to about a 2% performance change from the nominal performance. On the other hand, using the proposed controller, the performance degradation is within 2% of the nominal performance. Therefore, the proposed controller is robust to the set point changes.
The influence of a communication delay on the controller performance is also investigated. In this scenario, delays are assumed to be constant for all links in the communication topology (12) . The simulation results are shown in Fig. 8 . This figure illustrates that the proposed excitation controller can maintain damping performance even in the case of a small delay.
V. CONCLUSION
This paper investigates how the use of dynamic state estimation information affects the damping of inter-area oscillations, and proposes a cooperative based supplementary excitation controller for improving the damping performance of the system. This paper reveals that using dynamic state estimation in the control of inter-area oscillations can decrease the system performance. The proposed method can neutralize the adverse effect of using dynamic state estimation and thereby maintain the damping performance of the system. Thus, it is superior to the existing estimation-based damping control schemes. The contributions of this paper are as follows:
a) The relationship between inter-area oscillations and the dynamic state estimator is established by eigenvalue analysis; b) It is found that the dynamic state estimation used in the decentralized control of inter-area modes can deteriorate damping performance of the whole system; c) Dynamic state information from neighboring estimators is employed in the proposed method to maintain a required damping level. 
Using (14) and (17), (7) can be obtained. 
where M is given in (15) . Using the similarity transformation T , defined in (16), leads to By using (18) and (24), (10) can be obtained.
C. PARAMETERS OF PSSs
As in [8] , the parameters of PSS are given as T w,i = 5, T n1,i = T n2,i = 0.1, T d1,i = T d2,i = 0.01, k i = 3 for i ∈{1,. . . ,9}.
